UGT2B enzymes metabolize multiple endogenous and exogenous molecules, including steroid hormones and clinical drugs. However, little is known about the inter-individual variation in gene expression and its determinants. We re-sequenced candidate regulatory regions and the partial coding regions (41.1 kb) of UGT2B genes and identified 332 genetic variants. We measured gene expression in normal breast and liver samples and observed different patterns. The expression levels varied greatly across individuals in both tissues and were significantly correlated with each other in liver. Genotyping of tagging single-nucleotide polymorphisms (SNPs) in the same samples and association tests between genotype and transcript levels identified 62 variants that were associated with at least one UGT2B mRNA levels in either tissue. Most of these cis-regulatory SNPs were not shared between tissues, suggesting that this gene family is regulated in a tissue-specific manner. Our results provide insight into studying the role of UGT2B variation in hormonedependent cancers and drug response.
Introduction
One of the most important goals of genetics is to identify genetic variation that can explain the observed variation in disease susceptibility and in other phenotypes. However, elucidating the relationship between genetic variation and complex phenotypes at the organismal level is not straightforward. Most polymorphisms that influence complex phenotypes first alter intermediate and molecular phenotypes, including, but not limited to, gene (mRNA, ncRNA, microRNA and so on) expression, 1 mRNA secondary structure and stability, 2 protein sequence, RNA splicing, 3 microRNA interaction 4 and codon usage, 5 which in turn contribute to diseases and complex phenotypes. Among these molecular phenotypes, variation in expression levels has been proposed as one of the most important types in the human genome. 1 To aid in the dissection of the genetic basis of human traits and diseases, numerous association studies of transcript levels have been performed in multiple tissues on a genome-wide scale.
subfamilies, UGT1A and UGT2B. [13] [14] [15] UGT2B includes 7 active members (UGT2B4, UGT2B7, UGT2B10, UGT2B11, UGT2B15, UGT2B17 and UGT2B28) located on chromosome 4, [13] [14] [15] which are mainly expressed in liver, breast, prostate, colon and kidney. [16] [17] [18] The UGT2B17 and UGT2B28 genes are not expressed in some individuals due to whole-gene polymorphic deletions (copy number variation, CNV) that are common in human populations. 19 Because UGT2B enzymes are essential in the metabolism of steroid hormones which in turn have a central role in multiple cancers, it has been proposed that variation in the UGT2B genes is involved in breast 20 and prostate [21] [22] [23] [24] [25] cancer risk. 26, 27 Therefore, a systematic survey of genetic variants that affect enzyme activity and gene expression will provide a firm basis for elucidating the role of these genes in hormonedependent cancers.
Although recent genome-wide association studies of transcript levels have identified multiple potential regulatory elements for this family, 6, 7, 10 these studies have several shortcomings. First, most studies used lymphoblastoid cell lines (LCLs) 6, 7, 10 that express only a few UGT2B genes. Moreover, the regulation of this gene family is likely to differ among tissues as proposed by a recent study. 28 Therefore, results from LCLs cannot easily be extrapolated to other tissues. Second, the current expression arrays cannot detect modest to small changes in expression level; this problem is further aggravated by the cross-hybridization of probes to the highly similar UGT2B genes. Third, only single-nucleotide polymorphisms (SNPs) from the HapMap project were tested, which has low coverage in regions containing duplicated genes like the UGT2B. Indeed, the average SNP density in the UGT2B cluster is 1 per B1300 bp in the HapMap data compared with the genome-wide average of 1 per B750 bp. 29 In light of the limitations of previous studies, we performed a more detailed survey of sequence and expression variation of the UGT2B gene cluster. Candidate regulatory regions in the UGT2B cluster were re-sequenced in ethnically diverse individuals and tagging SNPs were selected accordingly. Transcript levels for each UGT2B gene were measured by quantitative real-time PCR (qPCR) in normal breast and liver tissue samples and tagging SNPs were genotyped in the same samples. The subsequent association analysis identified multiple potential cis-regulatory variants, which represent strong candidate susceptibility variants for hormone-dependent cancers and for interindividual variation in drug response.
Materials and methods

Bioinformatics analyses
We first used bioinformatics tools to identify candidate regulatory regions. We used two major approaches: one is the prediction of transcription factor binding sites and the other is the identification of conserved sequences across distantly related species. The binding matrix for transcription factors enriched in the liver or prostate, including HNF1 homeobox A (HNF1A), hepatocyte nuclear factor 4, a (HNF4A), nuclear receptor subfamily 1, group I, member 2 (NR1I2), coxsackie virus and adenovirus receptor (CXADR), POU class 2 homeobox 1 (POU2F1), peroxisome proliferatoractivated receptor a (PPARA), retinoid X receptor, g (RXRG), CCAAT/enhancer binding protein a (CEBPA), forkhead box A2 (FOXA2), nuclear receptor subfamily 2, group F, member 2 (NR2F2) and for nuclear hormone receptors, such as nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor, NR3C1) and estrogen receptor 1 (ESR1), were obtained from the TRANSFAC database (http:// www.gene-regulation.com/). Binding site prediction on the human reference sequence was performed by Cluster Buster (http://zlab.bu.edu/cluster-buster/). 30 Regions that contain binding site clusters predicted with high probability and that are conserved between humans and at least two other species, as shown on the ECR genome browser (http:// ecrbrowser.dcode.org/), were included in the re-sequencing survey (Supplementary Figure S1) . Moreover, the promoter regions and partial coding regions were also included. In total, 41.1 kb were chosen for re-sequencing.
Re-sequencing and tagging SNP selection Fifty-six unrelated HapMap samples (24 YRI, 22 CEU and 10 ASN) were chosen for re-sequencing. cDNA was synthesized using the Super Transcript III kit (Invitrogen, Carlsbad, CA, USA) and utilized for the amplification of UGT2B17 coding regions and UGT2B7 exons 2-6 (that is, the UGT2B7_v4 variant, which is expressed in LCLs, unlike the complete UGT2B7_v1 variant 31 ). All PCR was performed using the primers in Supplementary Table S1 . After exonuclease I and Shrimp Alkaline Phosphatase (United States Biochemicals, Cleveland, OH, USA) treatment, sequencing was performed by using PCR and internal primers in Supplementary Table  S1 and BigDye Terminator v3.1 (Applied Biosystems, Foster City, CA, USA). Polymorphisms were scored by PolyPhred 32 and confirmed through visual inspection. Visual genotype plots were drawn by using the Genome Variation Server (http://gvs.gs.washington.edu/GVS/). The UGT2B15 promoter and exon 1 re-sequencing data in our recent study, 28 HapMap genotyping data in UGT2B cluster and UGT2B4 resequencing data from Environmental Genome Project (http://egp.gs.washington.edu/welcome.html) were also included in the selection of tagging SNPs. Tagging SNPs were chosen by using ldSelect 33 Genotyping of breast and liver samples CNVs in UGT2B17 and UGT2B28 were genotyped in breast and liver samples by a previously published qPCR assay 28 and Taqman assay Hs00852540_s1 (Applied Biosystems) according to manufacturer's recommendation. Partial UGT2B17 CNV data were reported in our recent study. 28 The tagging SNPs were genotyped in all breast and liver samples by iPLEX SNP genotyping assay (Sequenom, San Diego, CA, USA) according to the manufacturer's protocol. In brief, the PCR and extension primers for each SNP were designed by online tools provided by the manufacturer (https://mysequenom.com/default.aspx) and listed in Supplementary Table S2 . Multiplex PCR was performed with HotStarTaq DNA polymerase (Qiagen). After Shrimp Alkaline Phosphatase (Sequenom) treatment, single base extension was performed. The extension product was dispensed onto the SpectroCHIP bioarray (Sequenom) and the mass was determined and distinguished by Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (Sequenom). The genotype calls were analyzed by Typer 4.0 software (Sequenom) and confirmed through visual inspection. Fifteen HapMap samples with known genotypes at all sites were included as positive controls.
Quantitative real-time PCR cDNA for breast and liver samples was synthesized by using the High Capacity Reverse Transcription Kit (Applied Biosystems). Transcript levels for the UGT2B genes in breast and liver tissues were measured by qPCR with power SYBR green (Applied Biosystems) and primers listed in Supplementary information. All qPCR assays had high efficiency (495%) and all PCR products were sequenced to confirm the primer specificity. The qPCR was performed in triplicate for each gene. b-actin and 18S mRNA level were quantified in breast and liver tissues, respectively, as reference genes due to their relatively conserved expression in these two tissues (data not shown). UGT2B11 and UGT2B28 transcript levels were not quantified because primers specific for these genes could not be designed. All qPCR and Taqman readings in this study were performed on a StepOne Plus Real time PCR System (Applied Biosystems). The details for qPCR are described according to minimum information for publication of qPCR experiment guidelines 34 in Supplementary information.
Statistical analyses
First, UGT2B transcript levels in breast or liver were normalized by log 2 transformation. For individuals with null expression of a specific gene, we assigned a value of one half the minimum value observed for that gene to avoid taking log transformation on zero. Then, we used linear regression models to assess the relationship between genotypes and gene expression. As the true mode of inheritance was unknown, we used a two degree of freedom linear model to jointly test for differences between the three genotype categories. To gain statistical power, we also fitted an additive linear model to the SNP genotype and gene expression data. To identify SNPs that influence UGT2B17 transcript levels in addition to its CNV, we excluded individuals with homozygous deletions and adjusted for CNV genotype (1 copy or 2 copies) by multiple linear regressions. We also used a permutation method to get multiple test-corrected gene cluster-wide P-values. Similarly, we used linear regression models to examine whether UGT2B gene expression was correlated with sex and age. For genes whose expression was correlated with age or sex, we further adjusted for age and/or sex when we assessed the association between genotype and mRNA levels. Similar adjustments for ancestry could not be made due to incomplete information about the ethnicity of our samples. Finally, we asked whether expression levels of different genes in liver or breast are correlated with each other by using Spearman's rank correlation coefficients. Analysis of gene cluster-wide genotype expression correlations was conducted using plink v1.07 (http://pngu.mgh.harvard.edu/purcell/plink/). 35 Other statistical analysis and data management were conducted using Stata 11.0 (StataCorp LP, College Station, TX, USA).
Results
Re-sequencing survey of the UGT2B gene cluster Our re-sequencing survey identified 332 genetic variants (see Supplementary Figure S2 and Supplementary Table S3 for details), most (91.8%) of which were not genotyped by the HapMap project. Among all variants, 314 (97.2%) were SNPs while the others were short insertion/deletion polymorphisms. Approximately half of these variants (162 out of 332) showed an MAF 45%. Twenty-seven of them were located in the coding regions and 10 were non-synonymous. We included the HapMap SNP genotype and other available re-sequencing data for the same individuals and used them together with our re-sequencing data (1316 genetic variants total) to select tagging SNPs for the UGT2B cluster. We identified 285 tag bins with MAFX0.05 for the entire cluster and at least one tagging SNP for each bin was chosen for iPLEX assay design.
SNP and CNV genotyping in breast and liver DNA samples Two hundred thirty-eight individual tagging SNPs (83.5%) were clustered in seven genotyping assays; the remaining 47 tagging SNPs were rejected by the assay design program and could not be surveyed. Out of the 238 clustered SNPs, 189 SNPs (79.4%) were successfully genotyped (see Supplementary Figure S3 for detail). Given the high sequence similarity across the UGT2B genes, it is not surprising that many SNPs did not yield a high quality assay. For the successfully genotyped SNPs, the comparison between the iPLEX genotype calls and the known genotypes for 15 controls yielded an error rate o1.9%. We also compared the MAF and linkage disequilibrium pattern between the iPLEX genotypes and our re-sequencing data. As shown in Supplementary Figure S4 , the MAF in the iPLEX data are highly correlated with those in our re-sequencing data (r 2 ¼ 0.717, Po10
À52
). The linkage disequilibrium pattern is also similar (result not shown). No deviation from Hardy-Weinberg equilibrium was observed (P40.05) in most SNPs (85.2% for breast and 95.2% for liver samples). It is worth noting that most (64.3%) of the SNPs with Hardy-Weinberg equilibrium cis-regulatory of UGT2B family C Sun et al departures in the breast samples showed the same pattern in the HapMap and the re-sequencing data when different populations were pooled into a single sample (not shown), suggesting that the Hardy-Weinberg equilibrium departures are due to high differentiation of these SNPs across populations coupled with the mixed ethnicity of the breast samples. When these SNPs were removed from analysis, only 5.3% SNPs in breast showed deviation from Hardy-Weinberg equilibrium.
The genotype frequencies for UGT2B17 and UGT2B28 CNVs in the breast and liver samples are in good agreement with those for the HapMap CEU and YRI population samples (Supplementary Table S4 ).
19
UGT2B gene expression in breast and liver UGT2B transcript levels in breast and liver samples are displayed in Figures 1a and b, respectively. In general, UGT2B15 (quantification cycle (C q ) 34 value, mean±s.d., 32.0±2.6) and UGT2B17 (C q value, mean±s.d., 33.5±3.0) are expressed at intermediate levels in breast while UGT2B4 (C q value, mean ± s.d., 35.3 ± 3.4) is expressed at lower levels. However, the comparison of expression levels across genes should be interpreted with caution; this is because, even though all our PCR assays had high efficiency (495%), a subtle difference in efficiency across assays may have a nontrivial effect on the estimate of mRNA levels due to the exponential relationship between number of mRNA molecules and number of cycles. In liver, all five genes show high expression levels (C q value, mean±s.d., for UGT2B4, 29.3 ± 2.0; for UGT2B10, 29.1 ± 2.4; for UGT2B15, 29.5 ± 1.8; for UGT2B17, 33.1±2.1), especially UGT2B7 (C q value, mean±s.d., 25.3±2.0). These results are consistent with previous reports about the relative expression levels of UGT2B genes.
18 UGT2B7 31 and UGT2B10 transcripts were not detected in breast samples. UGT2B17 transcripts could not be detected in some individuals, which is mostly due to the known common polymorphic deletions of this gene. All genes showed a high degree of inter-individual variation in transcript levels in both breast and liver, with B133-1400-fold variation between the highest and the lowest non-zero value. This observation also confirmed recent findings in liver. 36 A recent study 36 has suggested a correlation between expression levels of different UGT2B genes in liver. We analyzed published genome-wide expression data in liver samples (not shown) 9 and observed a similarly strong correlation between UGT2B genes. To test whether this is the case also in our breast and liver samples, we performed correlation analysis on transcript levels for all pairs of genes. As shown in Table 1a , a significantly positive correlation 
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) in breast. We also found a negative correlation between UGT2B4 and UGT2B15 (r ¼ À0.308, P ¼ 0.005) in breast. In liver, all expressed genes were strongly and positively correlated with each another (see Table 1b ). The observation in liver may reflect a shared regulatory mechanism for all UGT2B genes subject to variation in genetic background or environmental exposures. 36, 37 Recent studies have proposed that estrogens can upregulate UGT2B15 in breast cancer cell lines 38 while androgens, especially dihydrotestosterone, can downregulate UGT2B15 and UGT2B17 in prostate cancer cell lines. [39] [40] [41] [42] These findings raise the possibility that females express some UGT2B members, especially UGT2B15, at higher levels compared with males. In liver, we found that UGT2B10 (P ¼ 0.0496; Figure 2a ) and UGT2B15 (P ¼ 0.039; Figure 2b ) had B3.3-fold higher expression on average in males than females whereas the other UGT2B genes did not show such variation (P40.13 in other genes, data not shown). This observation is in contrast with the above prediction and it may be due to differences in the regulation of UGT2B genes between liver and breast or prostate, as recently suggested. 28 It should also be noted that all previous analyses were performed in cancer cell lines [38] [39] [40] [41] [42] rather than in primary cells, as in this study; therefore, this apparent discrepancy could be due, at least in part, to differences in regulation between transformed and primary cells.
To investigate whether UGT2B expression levels are constant during human life, we examined the correlation between age of the breast and liver donors and UGT2B Figure 2 Gender difference in UGT2B10 (a, P ¼ 0.0496) and UGT2B15 (b, P ¼ 0.039) expression in liver. All genes are normalized to 18S and log 2 transformed. Figure 3 Correlation between age and UGT2B15 expression in liver (r ¼ 0.416, P ¼ 0.020). x axis indicates age while y axis UGT2B15 expression (normalized to 18S and log 2 transformed). Each point denotes one individual. Figure 4 Association tests between tagging single-nucleotide polymorphism (SNP) genotype and UGT2B4 (red), UGT2B15 (blue) and UGT2B17 (green) expression in breast samples based on additive linear models. The x axis indicates the SNP position in chromosome 4 (build 36) while the y axis denotes P-value (Àlog 10 transformed) for each SNP with P-value o0.05. The bars across the bottom indicate the location of the UGT2B genes in the order, from left to right: UGT2B17, UGT2B15, UGT2B10, UGT2B7, UGT2B11, UGT2B28 and UGT2B4.
cis-regulatory of UGT2B family C Sun et al expression levels. UGT2B15 expression levels in liver are significantly correlated with age, with expression increasing in older individuals (r ¼ 0.416, P ¼ 0.020; Figure 3 ). After adjusting for gender in a multiple linear model, we still observed a significant correlation between age and UGT2B15 in liver (P ¼ 0.049). This finding might be explained by the known changes in steroid hormone levels during human life. 43 No significant correlation was observed for the other genes in liver (P40.23 in all cases, data not shown) and for all genes in breast (P40.08 in all genes, data not shown).
Correlation between SNP and CNV genotype and expression levels
The common deletion of the UGT2B17 gene was previously found to be associated with its expression levels in prostate 25 and LCL. 44, 45 In LCLs, a significant association was also detected between the UGT2B17 CNV and the expression levels of the UGT2B7, UGT2B10 and UGT2B11 genes. 45 We tested whether the UGT2B17 CNV is also associated with expression levels in breast and liver; in addition, we tested for an association between CNV and all UGT2B gene expression in both tissues. In breast, UGT2B17 CNV is correlated only with its own expression (r 2 ¼ 0.403, Po0.0001; Supplementary Figure S5 ) but not that of other UGT2B members (all P40.22, data not shown). In liver, besides its own expression (r 2 ¼ 0.337, P ¼ 0.003; Supplementary Figure S6a ), the UGT2B17 CNV was also significantly associated with UGT2B4 (r 2 ¼ 0.234, P ¼ 0.024; Supplementary Figure S6b) .
We further performed linear regression analysis between tagging SNP genotype and UGT2B expression levels in breast ( Figure 4 ) and liver ( Figure 5 ; see Supplementary Table S5 for detail). By this approach, 62 SNPs were identified to be significantly (Po0.05) correlated with the transcript levels of at least one UGT2B gene in at least one tissue. No SNP passed multiple test correction in liver, which may be due to the low power afforded by the relatively small sample size. Except for rs4860985 in UGT2B15 and rs17671289 in UGT2B4, none of the SNPs was significantly associated with the same gene in both tissues (see Supplementary Table S5) , thus supporting the proposal that the regulation of this gene family is tissue specific. 28 It was also interesting to note that multiple SNPs are associated with the expression of more than one gene. For example, rs2736483 is associated with UGT2B4 (P ¼ 0.000007429), UGT2B7 (P ¼ 0.000001492), UGT2B10 (P ¼ 0.0001018), UGT2B15 (P ¼ 0.0000715) and UGT2B17 (P ¼ 0.00352) expression in liver and rs17147073 is associated with UGT2B4 (P ¼ 0.04566), UGT2B15 (P ¼ 0.03499) and UGT2B17 (P ¼ 0.003779) in breast (see Supplementary Table S5 ).
The most significant correlations in breast and liver are shown in Table 2 . As all these SNPs are located far (4380 kb) from UGT2B genes, we hypothesized that they lie within enhancer regions and might alter the binding affinity of transcription factors regulating UGT2B gene expression. To investigate this possibility, we retrieved all the SNPs within the tag bins associated with the expression of at least one UGT2B gene and used the Match program in the TRANSFAC database (http://www.gene-regulation.com/ cgi-bin/pub/programs/match/bin/match.cgi) to search for predicted transcription factor binding sites in the regions near the SNPs. By this approach, multiple canonical binding sites for transcription factors were identified (Supplementary Table S6 ). As shown in the table, some transcription factors, such as forkhead box D3 (FoxD3), forkhead box A2 (FoxA2 or HNF3B), HNF4A, forkhead box J2 (FoxJ2), paired box 4 (PAX4) and POU class 2 homeobox 1 (POU2F1 or OCT1), are common among those with predicted binding sites near SNPs associated with gene expression levels. This is consistent with the idea that these transcription factors are involved in the regulation of this gene family. 16 
Discussion
To identify cis-regulatory variants for the human UGT2B genes, we re-sequenced candidate regulatory elements in ethnically diverse populations. These data, together with publicly available sequence variation information in the same individuals, were used to select tagging SNPs. Then, we quantified UGT2B transcript levels and genotyped the tagging SNPs in normal breast and liver samples to test for associations between genotypes and expression levels. As a result, we found 62 SNPs that are significantly correlated with the expression of at least one UGT2B gene, and 17 SNPs are significantly correlated with the expression of more than one gene. This is the first systematic investigation of sequence variation, breast and liver expression spectrum in unaffected individuals and cis-regulatory variation for the UGT2B family. Our results will undoubtedly provide a firm foundation for studies aimed at investigating the role of Figure 5 Association tests between tagging single-nucleotide polymorphism (SNP) genotype and UGT2B4 (red), UGT2B7 (purple), UGT2B10 (brown) UGT2B15 (blue) and UGT2B17 (green) expression in liver samples based on additive linear models. The x axis indicates the SNP position in chromosome 4 (build 36) while the y axis denotes P-value (Àlog 10 transformed) for each SNP with P-value o0.05. The bars across the bottom of each plot indicate the location of the UGT2B genes in the order, from left to right: UGT2B17, UGT2B15, UGT2B10, UGT2B7, UGT2B11, UGT2B28 and UGT2B4.
cis-regulatory of UGT2B family C Sun et al UGT2B variation in hormone-dependent diseases and interindividual variation in drug response.
Our re-sequencing survey identified 162 common (MAFX5%) SNPs and among them, only 22 (13.6%) were included in HapMap project; this is a substantially lower rate compared with the 25-35% coverage of common SNPs in the genome. 29 The low SNP coverage in this genomic region in the HapMap is probably due to the difficulties of Table 2 The most significant association between SNP genotype and UGT2B transcript levels in breast and liver based on two degree of freedom linear models After excluding subjects with homozygous deletion of corresponding gene.
cis-regulatory of UGT2B family C Sun et al sequencing and genotyping regions containing highly similar duplicated genes like the UGT2B gene cluster. Therefore, our re-sequencing study significantly extends the information provided by the HapMap project for this particular region of the genome. Recent genome-wide association studies uncovered many disease susceptibility SNPs located in non-coding regions distant from genes (for example, 4100 kb). Some of the disease SNPs has been validated from the functional standpoint. For example, SNPs rs7903146, rs4939827 and rs6983267 are associated with type 2 diabetes, 46 colorectal cancer 47 and multiple cancers (as reviewed by reference 48 ), respectively. Further functional in vitro and in vivo assays showed that these SNPs are located within enhancers and that they influence the activity of these enhancers thereby affecting target gene expression. [48] [49] [50] [51] Many of the SNPs that we find to be associated with variation in UGT2B gene expression levels are far from the corresponding genes; as for SNPs found in genome-wide association studies, further work is necessary to elucidate the mechanism underlying their effect on mRNA levels.
The 1000 Genomes Project (http://1000genomes.org) currently underway seeks to discover essentially all genetic variation (41% frequency) in each of the major continental populations using next-generation sequencing technologies. 52 To understand whether such technologies are capable of capturing genetic variation in duplicated gene regions, we analyzed depth of coverage statistics around the UGT2B gene cluster generated during pilot 1 of the 1000 Genomes Project. Specifically, for each gene in the UGT2B gene cluster, we quantified the average depth of coverage per individual for the entire gene region, and the distribution of coverage across chromosome 4 using 1000 randomly chosen regions with matched length (Supplementary Figure S7) . We found that UGT2B4, UGT2B7, UGT2B10 and UGT2B11 have coverage statistics that are consistent with coverage patterns from the rest of chromosome 4. However, UGT2B15, UGT2B17 and UGT2B28 each had much lower coverage than expected for the rest of chromosome 4 (in the 0.1, 0.5 and 2.5% tail, respectively). While the low coverage in UGT2B17 and UGT2B28 may be due to the common polymorphic deletions of these genes, no common CNVs are known for the UGT2B15 gene. Such low coverage statistics suggest that some genetic variants may be missed in the 1000 Genomes Project data for these UGT2B genes. More generally, these results suggest that some duplicated genes can indeed be re-sequenced successfully using nextgeneration technologies. However, other duplicated gene regions may receive little benefit from next-generation technologies, and will require more robust technologies (such as those used in this study) to discover genetic variation within them.
In addition to SNPs, CNVs may also influence gene expression, as shown in previous studies 25, 44, 45 and by the findings reported here. Stranger et al. 45 proposed that CNV of the UGT2B17 gene influences the expression of other UGT2B members, including UGT2B7, UGT2B10 and UGT2B11. However, we could not detect transcripts for any of these genes in LCL by qPCR (data not shown), suggesting that the previous observation was a false positive possibly due to the cross-hybridization of probes to different UGT2B genes in the array. Indeed, UGT2B17 (data not shown) and UGT2B7_v4, 31 a splicing variant of UGT2B7, are highly expressed in LCLs and the sequence similarity between them is high. Probe cross-hybridization may also explain partly the failure to replicate the UGT2B cisregulatory variants detected in a genome-wide association study in liver 9 in both our study and a recent one focusing on UGT2B7. 53 Furthermore, it highlights the value of using qPCR, or other high resolution approaches, to investigate the expression of duplicated genes with high sequence similarity.
There are still three shortcomings in our study. First, our liver sample size is relatively small, which resulted in low power to detect associations between SNP genotypes and expression levels. Association studies on a larger sample size or in vitro functional assays, for example, reporter gene assays, will be necessary to identify regulatory variants in liver. Second, to identify the potential regulatory element most efficiently, we used comparative genomics coupled with computational predictions of transcription factor binding sites. Although this approach has been widely used and proven to be useful, [54] [55] [56] [57] [58] [59] recent studies have demonstrated that not all functional regions are conserved across species; 60 therefore, we may have missed some important regulatory elements. Third, although we obtained genotype data for 189 tagging SNPs in our breast and liver tissues, these SNPs only accounted for 66.3% of the total tag bins; this implies that some regulatory variants may have been missed. Considering these caveats, it is unlikely that our survey has characterized the full repertoire of regulatory variants for this gene family. Nonetheless, our results represent the most extensive and systematic survey of sequence and expression variation in this important family of genes. As a consequence, we identified a large number of strong candidate regulatory variants for the UGT2B genes, especially in breast samples, thus significantly advancing our understanding of the genetic bases of inter-individual variation in UGT2B gene expression.
Breast cancer is the most common cancer in women and cumulative estrogen exposure over a lifetime is a likely risk factor. [61] [62] [63] Indeed, despite the decrease of serum estrogen levels in postmenopausal compared with premenopausal women, the estrogen concentration in breast remains relatively constant during aging. 64 Moreover, estrogen levels in breast tumor tissue are much higher than in normal breast tissue. 65, 66 These observations suggest that variation in steroid hormone metabolism, especially in the target tissues like breast, may have a role in the susceptibility to breast cancer. 64, 67 UGT2B15 and UGT2B17 are good candidates for breast cancer risk due to their high expression in breast (current study). 18 In addition, UGT2B15 and UGT2B17 have significant activity against estrogen metabolites, especially 2-and 4-hydroxylated ones. 68 Although UGT2B7 is not expressed in the breast, 31 considering its high activity against estrogens, 68 it might also contribute to cis-regulatory of UGT2B family C Sun et al breast cancer risk by altering the systemic estrogen levels. Previous studies aimed at detecting UGT2B variants associated with breast cancer risk mainly focused on the coding regions, 20,69 especially on amino-acid changes that alter enzyme activity or specificity, such as D85Y in UGT2B15 and H268Y in UGT2B7. Little attention has been paid to SNPs that alter UGT2B gene expression. Therefore, the SNPs identified in this study as potential cis-regulatory variants affecting the expression of the UGT2B15 and UGT2B17 genes in breast and of the UGT2B7 gene in liver represent strong new candidate variants for breast cancer risk. In this sense, the results of our study provide valuable information to investigate the role of the UGT2B genes in hormonedependent diseases and in drug response.
